We consider a system of repulsively interacting Bose-Fermi mixtures of spin polarized uniform atomic gases at zero temperature. We examine possible realization of p-wave superfluidity of fermions due to an effective attractive interaction via density fluctuations of Bose-Einstein condensate within mean-field approximation. We find the ground state of the system by direct energy comparison of p-wave superfluid and phase-separated states, and suggest an occurrence of the pwave superfluid for a strong boson-fermion interaction regime. We study some signatures in the p-wave superfluid phase, such as anisotropic energy gap and quasi-particle energy in the axial state, that have not been observed in spin unpolarized superfluid of atomic fermions. We also show that a Cooper pair is a tightly bound state like a diatomic molecule in the strong boson-fermion coupling regime and suggest an observable indication of the p-wave superfluid in the real experiment.
I. INTRODUCTION
Magnetically tunable Feshbach resonances have opened up a new field of research in the physics of ultracold atomic gases that exhibits exciting phenomena. In two-component fermi gases, for instance, the condensate of atom pairs in the BCS-BEC crossover regime has been intensively studied [1, 2, 3, 4, 5, 6] . In an ultracold atomic system, the p-wave Feshbach resonance was also found, which allows one to tune p-wave interactions between atoms in the spin-polarized fermi system [7] . It has now become possible to produce p-wave molecules between 40 K atoms using this technique [8] .
Atomic boson-fermion mixed systems, too, are expected to show many interesting phenomena. In this mixed system, it has been reported the observation of simultaneous quantum degeneracy of Bose-Einstein condensate (BEC) and Degenerate Fermi gas [9, 10, 11] , and the collapse of fermions in the attractively interacting mixture [12, 13] . On the theoretical side a number of studies on the static and dynamical properties of the mixture have been made [14, 15, 16, 17, 18] . We note here that the strongly coupled boson-fermion pair may behave as a heteronuclear molecule or resonance, and its role in the mixture has been studied [19, 20, 21, 22, 23] . Recent experiments show an existence of the Feshbach resonances between bosons and fermions [24, 25] , and quite recently a formation of the boson-fermion heteronuclear molecule in the optical lattice has been reported [26] . As in the case of fermionic system, the existence of the Feshbach resonance allows one to control the boson-fermion interaction [27, 28] . Tuning the interaction one may induce a collapse of fermions or a phase separation of bosons and fermions, depending on the sign of the interaction [14, 16, 17, 29] .
In many experiments of atomic Bose-Fermi mixture, all atomic fermions have the same spin components as they are trapped by magneto-optical trap together with bosons. The fermion-fermion interaction has been negligible since the s-wave scattering amplitude between fermions vanishes because of Pauli exclusion principle, and the other higher partial waves do not contribute at low temperatures. In a boson-fermion mixed system, boson density fluctuations may give rise to an attractive interaction between fermions as in the electron-phonon system, and may induce a superfluid transition [29, 30] . This mechanism has been studied in the liquid 3 He-4 He mixtures [31] . If this mechanism is strong enough in the ultracold atomic mixture, p-wave Cooper pairs will be formed between spin-polarized fermions [32, 33, 34] . We should note, however, that a realization of the superfluid depends on a balance of different mechanisms as mentioned above. A sufficiently strong attractive bosonfermion interaction, for instance, may cause a collapse of the system rather than the superfluid state. On the other hand, a strong boson-fermion repulsion may favor a phase separation of bosons and fermions instead of the superfluid transition.
The purpose of the present paper is to investigate a possibility of p-wave superfluid transition in the repulsively interacting spin-polarized Bose-Fermi mixture at zero temperature. We consider superfluid transition induced by a Bogoliubov phonon-mediated fermionfermion interaction, and compare energies of the p-wave superfluid state and the boson-fermion phase-separated state. In view of the recent development in the tuning of boson-fermion interaction via Feshbach resonances, we study the system in a broad range of the interaction parameters. Earlier study in this direction shows that the p-wave superfluid transition is hard to occur, i.e., its transition temperature is too low to be attainable, because the phonon-mediated attractive interaction is very weak [32] . A stronger repulsive interaction would cause an instability of the system towards phase separation, and then the induced attractive interaction reduces. We show, however, that for a very strong repulsive interaction it is possible to realize the p-wave superfluid transition. In the superfluid phase, anisotropic energy gap appears like that of p-wave superfluid of 3 He and heavyfermion systems. We also show that the Cooper pair is a tightly bound state like a diatomic molecule in the strong boson-fermion coupling regime [35, 36] .
Main content of the present paper is as follows. Sec.II derives ground state energies of the system in the p-wave superfluid phase due to the phonon-mediated attractive interaction and in the normal phase by the method of Ref. [29] . Sec.III presents phase diagram of the system by direct energy comparison of the p-wave superfluid and phase-separated states. The momentum dependence of the energy gap and other properties of the superfluid state are shown. Finally, Sec. IV is a summary.
II. MODEL
We consider a spin-polarized uniform mixture of atomic bosons of mass m B and fermions of mass m F at zero temperature. The system is described by the HamiltonianĤ
wherê
Here c In order to give a realistic estimate of the phase diagram, we consider a system of 87 Rb-40 K mixture for the atomic bosons and fermions, where m B = 1.419 × 10 −25 kg and m F = 0.649 × 10 −25 kg, and a BB = 98.98a 0 with Bohr radius a 0 . As for the boson-fermion interaction, we assume the scattering length to be tunable via Feshbach resonance. This can be realized in the current experimental situation [24, 25, 27, 28] . Hereafter, we take a BF > 0, leading to repulsively interacting Bose-Fermi mixtures.
We consider two types of quantum phases of fermions, that is, the normal phase and the superfluid phase. On the one hand, a phase separation of bosons and fermions occurs in the normal state of fermions, as discussed in Ref. [29] for a large positive U BF . On the other hand, for a strongly repulsive boson-fermion coupling, an effective fermion-fermion interaction via density fluctuations of BEC becomes strong and is expected to lead to a superfluid state of fermions. In the following we calculate ground state energies of these two types of phases, separately [37] .
A. Superfluid phase : p-wave pairing
We assume that all bosons are condensate and the fluctuations are treated by excitations of Bogoliubov phonon of energy:
where n B is a condensate density. Thus the bosonic part of the Hamiltonian, Eq. (3), is transformed tô
and the boson-fermion interaction Hamiltonian, Eq.(4), is also transformed tô
where
k is a Bogoliubov phonon annihilation (creation) operator. In these transformations, we have neglected higher order terms of β ( †) k . We regard the first term of Eq. (5) as an energy shift of the fermionic chemical po-
By applying the second-order perturbation theory, the phonon-mediated interaction between two fermions is derived as one-phonon exchange process,
We assume that Fermi velocity v F = k F /m F is much smaller than Bogoliubov sound velocity s = U BB n B /m B , i.e. v F ≪ s, so the phonon-mediated effective interaction can be written as in Ref. [32] ,
This interaction is equivalent to an effective interaction between fermions induced by density fluctuations of background of BEC when the retardation effect is neglected [29, 30] . The effective Hamiltonian of fermions is then given bŷ
Since we consider spin-polarized fermions, the effective interaction in the channel with even angular momentum l is absent due to antisymmetrization of the orbital wave function in the relative coordinate. Furthermore for the effective interaction described by Eq. (6) the contribution to the interaction for higher l can be negligible [30] . Thus we extract the dominant l = 1 component of the phononmediated interaction
with
where k = |k| andk i = (k/|k|) i . In this approximation, only p-wave pairing is possible to realize. Let us consider a Cooper pair with zero center-of-mass momentum and introduce a p-wave pair energy gap as
where denotes an expectation value in the ground state. In the standard BCS theory the effective Hamiltonian Eq. (7) can be diagonalized by Bogoliubov transfor-
where the quasi-particle energy is
F , and u k and v k are given by
and the requirement of the mean number of fermions
determine the energy gap ∆(k) and chemical potential of fermions µ r F . Concrete forms of the gap will be discussed in the next section.
Once we have the optimized value of the energy gap and chemical potential, we obtain the ground state energy per volume in the superfluid phase as
The third and fourth terms in Eq. (12) are mean-field energies of the boson-boson and boson-fermion interactions.
B. Normal phase : phase separation
Now we consider a normal phase of repulsively interacting Bose-Fermi mixtures. In Ref. [29] , Viverit et al. studied a phase diagram of the uniform mixtures at zero temperature and predicted three types of equilibrium states: (A) a single uniform mixed phase, (B) a purely fermionic phase coexisting with a mixed phase, and (C) a purely fermionic phase coexisting with a purely bosonic one.
By the method to find equilibrium states in Ref. [29] , we obtain the ground state energy of the system of a finite volume V and total number of bosons N B and of fermions N F . Suppose that the system is composed of two phases of volume V 1 and V 2 where V = V 1 + V 2 . The numbers of bosons and fermions are given by N Bi and N Fi for i-th phase, respectively, yielding to N B = N B1 + N B2 and N F = N F1 +N F2 . Thus the total densities of bosons n B = N B /V and of fermions n F = N F /V are given by n B = n B1 v+n B2 (1−v) and n F = n F1 v+n F2 (1−v), respectively, where v = V 1 /V . Total energy per volume V is given by
where the energy per volume V i of i-th phase has
In Eq. (14), the first term is the kinetic energy of fermions where ǫ Fi = 2 (6π 2 n Fi ) 2/3 /2m F is Fermi energy of i-th phase. The second and third terms correspond to the mean-field energies of the boson-boson and boson-fermion interactions. In i-th phase, the pressure is P i = −∂(E i V i )/∂V i and the chemical potentials of bosons and fermions are given by µ Bi = ∂E i /∂n Bi and µ Fi = ǫ Fi = ∂E i /∂n Fi , respectively. The equilibrium conditions of the pressure and chemical potentials of bosons and fermions between two phases, P 1 = P 2 , µ B1 = µ B2 , and ǫ F1 = ǫ F2 , determine V i , n Bi , and n Fi . As a result, the three types of equilibrium states can be realized. Figure 1(a) Fig. 1(a) represent the boundaries between the phases (A)-(B) and phases (B)-(C), respectively. The result shows that a phase separation of bosons and fermions is preferred for a higher fraction of fermions and for a stronger boson-fermion interaction strength compared to the boson-boson one. The dashed line corresponds to the critical curve above which the uniform mixture is unstable against small density fluctuations.
Figure 1(b) shows total energy per volume of the ground state E N calculated from Eqs. (13) and (14) as a function of U BF /U BB for n F = n B = 10 14 cm −3 . The total energy per volume of the ground state scaled by ǫ F n F with ǫ F = 2 (6π 2 n F ) 2/3 /2m F is plotted against the interaction ratio U BF /U BB . The energy value increases as the repulsive boson-fermion interaction becomes stronger until U BF /U BB ≃ 6 above which fermions start to separate from the bosonic cloud. For U BF /U BB 8 the ground state is the completely phase-separated phase (C), and the energy becomes independent of the interaction ratio U BF /U BB .
III. RESULTS
In this section, we examine phase transition between normal state and superfluid state of fermions. To do so, we assume two typical types of energy gaps, an axial state and a polar state in the superfluid phase, and calculate ground state energies in the two phases and directly compare them. We obtain phase diagram of 87 Rb-40 K mixtures showing that phase transition from phase-separated state in the normal phase to p-wave superfluid state occurs as repulsive boson-fermion coupling becomes stronger. The unique characters of the p-wave pairing, such as momentum dependence of energy gap, momentum distribution of fermions, and quasi-particle excitation spectrum, in a strong boson-fermion coupling regime are also discussed.
A. Transition from phase separation to p-wave superfluidity
In order to obtain ground state energy of superfluid fermions, we need to calculate the total energy described by Eq. (12) . In general, the p-wave pair energy gap can be expanded by spherical harmonics We assume, however, just two typical types of pair energy gaps, so-called an axial state [38] 
and a polar state
and regard a lower energy state of them as the ground state in superfluid phase. Note that there is no symmetrical solution due to the spin-polarization of fermions in this system. This fact is in stark contrast to unpolarized Fermi systems such as 3 He and heavy-fermion systems [39] . Amplitudes of the axial and polar states have |∆ ax (k)| = ∆ ax (k) | sin θ| and |∆ pl (k)| = ∆ pl (k) | cos θ|, corresponding to anisotropic energy gaps in momentum space with zero energy gap on the north and south poles for the axial state and on the equator for the polar state, respectively. as a function of U BF /U BB for n F = n B = 10 14 cm −3 . It shows that the total energies per volume of both of axial and polar states increase as the boson-fermion coupling becomes stronger until U BF /U BB ≃ 30. It is caused by the mean-field energy of boson-fermion repulsive interaction. At sufficiently strong boson-fermion interaction strength, however, the effect of the chemical potential µ r F is significant and the total energy turns to decrease. We plot the behavior of the chemical potential of the superfluid states µ r F as a function of U BF /U BB in Figure 2(b) . In the weak boson-fermion coupling regime, the relation µ r F ≃ ǫ F holds as in the ordinary BCS theory. However in the strong boson-fermion coupling regime, µ r F starts to decrease, eventually becoming negative with increasing U BF /U BB . Negative values of the chemical potential indicate formation of bound pairs [35, 36] .
The dot-dashed line in Fig. 2 (a) corresponds to total energy per volume of the ground state in normal phase, which is the same as the result in Fig. 1(b) . The direct comparison between the ground states in the two phases shows that phase transition from the phase-separated state in normal phase to the axial state in superfluid phase occurs when the interaction ratio U BF /U BB in- creases. We see that the energy of the axial state is lower than that of the polar state in the strong boson-fermion coupling regime. It is caused by the angle dependence of the energy gap. The axial state has anisotropic energy gap in momentum space with zero energy gap on the north and south poles. For the polar state, on the other hand, the energy gap vanishes on the equator in momentum space. So the former state contributes to the decrease of the total energy more than the latter case. Figure 3 shows phase diagram of the system in the U BF /U BB -n F /n B plane for n B = 10 14 cm −3 . The lower and upper lines are boundaries of the phases (A)-(B) and the phases (B)-(C) in normal phase as already explained in Fig. 1(a) . The circle corresponds to the critical points below and above which the phase-separated state and axial state realizes, respectively. The dependence on n F /n B of the phase boundary is not strong. Thus we conclude that p-wave superfluidity can be observed at sufficiently strong boson-fermion interaction compared to boson-boson interaction. This is the main result in the present paper. Using typical experimental parameters, we estimate the s-wave scattering length between boson and fermion simply from the rate of coupling constant. It is estimated as a BF /a BB ≃ 23 that is tunable by the technique of Feshbach resonance [27, 28] .
B. p-wave pairing state in strong boson-fermion coupling regime
We have just seen that p-wave superfluid state arises at sufficiently strong boson-fermion interaction strength. Properties of the strong boson-fermion coupling superfluid state such as energy gap, quasi-particle, and momentum distribution are expected to differ from those of the weak boson-fermion coupling one. In the following we will show some aspects of the p-wave pairing in the strong boson-fermion coupling regime. Figure 4 shows the radial component of energy gap of the axial state ∆ ax (k) in unit of Fermi energy ǫ F as a function of k/k F where k F = (6π 2 n F ) 1/3 . The energy gap peaks at around the Fermi surface, and a Cooper pair can be formed even in high momentum region of |k| > k F . The gap also becomes larger, and the width around the peak gets broader with increasing U BF /U BB . The gap vanishes at k = 0, and it originates from the property of the interaction with angular momentum l = 1 between fermions.
Since ∆(k) corresponds to a pairing potential that affects on the pairing state of (k, −k), the gap crucially influences quasi-particle spectrum, see Figure 5 . The quasi-particle energy scaled by Fermi energy ǫ F is plotted as a function of k/k F . The solid line denotes dispersion relation of a free fermion. In the weak boson-fermion coupling regime, the quasi-particle energy differs from that of a free fermion only around the Fermi surface. In the strong boson-fermion coupling regime, the quasi-particle spectrum changes dramatically. For µ r F < 0, the gap opens at zero momentum and corresponds to molecular binding energy [35, 36] . We can see that a Cooper pair is now a tightly bound state of l = 1 like a diatomic Fig. 2(b) . In the U BF /U BB = 50 case with µ r F < 0, however, the population number of fermions vanishes at k = 0. This result can be also understood by noting the following fact. For µ r F > 0, as indicated by Fig. 4 , fermions of extremely small momentum are almost non-interacting and occupy as free particles. For µ r F < 0, the population number distribution tends to have the form of momentum distribution of single bound pair wave function [36] and vanishes at k = 0 because of l = 1 bound state. The particle distribution is observable in the real experiments, for example, by using the time-of-flight method. Thus we consider this result as an indication for the observation of the p-wave superfluid.
IV. SUMMARY
We considered a system of repulsively interacting BoseFermi mixtures of spin polarized uniform atomic gases at zero temperature. We investigated the possibility of realization of p-wave superfluidity of fermions due to effective attractive interaction via density fluctuations of BEC in the case of strong boson-fermion interaction within meanfield approximation. By direct energy comparison between p-wave superfluid and phase-separated states, we found that p-wave superfluidity can be observed at sufficiently strong boson-fermion interaction compared to boson-boson interaction.
We also discussed unique features of the ground state in strong coupling p-wave superfluidity. We calculated the quasi-particle energy and found that a Cooper pair is a tightly bound state like a diatomic molecule in the strong boson-fermion coupling regime. We also calculated the momentum distribution function of fermions. In the strong boson-fermion coupling regime, we showed the property of the single bound pair wave function and suggested an observable indication of p-wave superfluid in the real experiment.
The present analysis was made by using the standard mean-field approach with BCS wave function [35] . The results at very strong coupling would be modified by fermionic self-energy correction as well as by dynamical screening of the effective interaction [40] . The consideration of these effects is left for a future study. Nevertheless, the mean-field approaches are expected to provide good ways of building up intuition.
